The vegetation response to climatic factors is a hot topic in global change research. However, research on vegetation in Shule River Basin, which is a typical arid region in northwest China, is still limited, especially at micro scale. On the basis of Moderate-resolution Imaging Spectroradiometer (MODIS) Normalized Difference Vegetation Index (NDVI) data and daily meteorological data, employing panel data models and other mathematical models, the aim of this paper is to reveal the interactive relationship between vegetation variation and climatic factors in Shule River Basin. Results show that there is a widespread greening trend in the whole basin during 2000-2015, and 80.28% of greening areas (areas with vegetation improvement) are distributed over upstream region, but the maximum vegetation variation appears in downstream area. The effects of climate change on NDVI lag about half to one month. The parameters estimated using panel data models indicate that precipitation and accumulated temperature have positive contribution to NDVI. With every 1-mm increase in rainfall, NDVI increases by around 0.223‰ in upstream area and 0.6‰ in downstream area. With every 1-• C increase in accumulated temperature, NDVI increases by around 0.241‰ in upstream area and 0.174‰ in downstream area. Responses of NDVI to climatic factors are more sensitive when these factors are limiting than when they are not limiting. NDVI variation has performance in two seasonal and inter-annual directions, and the range of seasonal change is far more than that of inter-annual change. The inverted U-shaped curve of the variable intercepts reflects the seasonal change. Our results might provide some scientific basis for the comprehensive basin management.
Introduction
Vegetation, the main component of the terrestrial biosphere, is a crucial element in the climate system [1] . Its variation is an important indicator of regional changes in ecology and environment [2] . Understanding the relationship between the greenness of vegetation and climate is an important topic in global change research [3] . The vegetation in the arid regions in west China, which is a sensitive and fragile ecological zone, has a sensitive response to the global climate change. Therefore, this region becomes one of the key areas for studying global environmental changes [4] . Normalized Difference Vegetation Index (NDVI) is one of the main characteristic descriptors of vegetation cover and is
Overview of the Study Region
Shule River Basin with an area of 100,000 km 2 is located in inland area of northwest China (92.33 • -98.99 • E, 38.21 • -41.47 • N) ( Figure 1 ). Its southern part is the Qilian Mountains with an average elevation of 3.49 km, where the Shule River originates. Its northern part is low mountainous region with an average elevation of 1.95 km, which is called Mazong Mountains. Its middle part is the flat Hexi Corridor with an average elevation of 1.4 km, where Huahai, Yumen and Dunhuang-Anxi basin are distributed from east to west. Oasis and population are mainly distributed over this part. Because of being situated in the hinterland of Asia-European continent, the Shule River Basin is characterized by an arid climate, little rainfall and sparse vegetation. The mean annual temperature ranges from 0 • C to 10 • C, and the mean annual precipitation is about 100 mm. The cold steppe, temperate steppe and desert steppe in turn are distributed over Shule River Basin from Qilian Mountains to Hexi corridor and to north hills. Generally, Shule River Basin is a region with fragile ecological system, and response of vegetation growth to climatic change in this region is very sensitive.
In addition, the vegetation growth in Shule River Basin is affected by human activity. The ancient Silk Road passes through this region to Central Asia. Dunhuang Mogao Caves, a world-famous cultural heritage, is located in the western end of the Hexi corridor. At present, all trunk railways and highways linking China and Central Asia pass through this region. Moreover, there are many wind farms and photovoltaic plants running in Yumen city, which is the cradle of China's oil industry. In the late 1980s, the government of Gansu Province implemented Shule River Basin Agricultural Irrigation and Immigration Development Projects with a grant from World Bank, and more than 100,000 people were moved there during resettlement as part of "China Western Development" government policy. This resulted in a rapid increase in agricultural acreage and irrigation water use, which had a considerable influence on local environment. From 1985 to 2014, population grew from 372,700 to 526,400 and total cultivated area increased from 48,600 hm 2 to 91,390 hm 2 . The irrigated diverted water previously used by the natural environment. Therefore, it is very essential to strengthen surveillance of environmental change in Shule River Basin.
The existing studies on vegetation variation in Shule River Basin focus on two aspects: Land-use and land-cover change (LUCC) and trend of vegetation index. To be more specific, some of the existing studies use Landsat data to investigate LUCC classification, landscape pattern change, driving mechanism, dynamic process modeling and ecological environment effect. Restricted by temporal resolution of Landsat data, the available cross-section data are limited. Thus, there are often some differences among different research results. On the basis of NDVI data acquired by Advanced Very High Resolution Radiometer (AVHRR) [38] , Systeme Probatoire d'Observation de la Terre (SPOT) [39] and Moderate-resolution Imaging Spectroradiometer (MODIS) [40] , other existing studies mainly analyzes changes in NDVI [41] and net primary productivity (NPP) [42] and their response to climatic change. These studies usually detect vegetation variation in Shule River Basin at macro scale; however, micro-scale study on Shule River Basin is scarce. In addition, because of lower spatial resolution of data that are employed by previous research, it is hard to obtain good results in the study of Shule River Basin with sparse vegetation cover. 
Data Sources and Methodology

Data Sources and Processing
At present, common NDVI dataset is mainly acquired from AVHRR, MODIS and SPOT satellite platform [43] . Among them, AVHRR gives the longest time series of NDVI (from 1981), but with lowest spatial resolution (8 km), whereas SPOT and MODIS give shorter time series of NDVI (from 1998 and 2000, respectively), but with higher spatial resolution. Compared with AVHRR and SPOT data, MODIS data have better quality, better timeliness and higher availability. Furthermore, considering the feature of sparse vegetation cover in Shule River Basin, we chose to use MODIS data. The data used in this article come from three sources. 
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Data Sources and Processing
At present, common NDVI dataset is mainly acquired from AVHRR, MODIS and SPOT satellite platform [43] . Among them, AVHRR gives the longest time series of NDVI (from 1981), but with lowest spatial resolution (8 km), whereas SPOT and MODIS give shorter time series of NDVI (from 1998 and 2000, respectively), but with higher spatial resolution. Compared with AVHRR and SPOT data, MODIS data have better quality, better timeliness and higher availability. Furthermore, considering the feature of sparse vegetation cover in Shule River Basin, we chose to use MODIS data. The data used in this article come from three sources. Influenced by incident angles of sunlight, clouds, aerosols and sensor capability, NDVI data contain some noise, which results in irregular fluctuations in time series [44] . Thus, it is necessary to perform de-noising. Previous research has shown that the Asymmetric Gaussian (A-G) algorithm can effectively decrease the noise for the arid area and achieve high fidelity of original data [45] . To de-noise, we took the MODIS quality evaluation data as weight and fitted NDVI data pixel by pixel using TIMESAT soft in accordance with A-G method. The value of NDVI ranges from −1 to 1, and NDVI ≤ 0 is generally considered to denote no vegetation cover. However, influenced by soil background, the threshold value is usually greater than zero and changes with different underlying surfaces [46] . To get reasonable threshold value that is suitable for Shule River Basin, the yearly average values of NDVI from May to October (NDVI [5] [6] [7] [8] [9] [10] ) were calculated. Then, maximum value of NDVI [5] [6] [7] [8] [9] [10] (MAXNDVI [5] [6] [7] [8] [9] [10] ) during 2000-2015 was obtained. Using the vegetation information obtained from Landsat Thematic Mapper (TM) images, which has a high spatial resolution of 30 m, we considered MAXNDVI 5-10 ≥ 0.12 is an appropriate threshold value that denotes vegetation in Shule River Basin. On the basis of this, we performed masking on all images.
Research Methodology
Linear Trend Analysis
Change in NDVI over time could be expressed as the following regression equation [47] :
where y i is the NDVI value in ith year, b is the intercept, n is the number of years in the study period, and θ is the slope representing linear trend of NDVI change, which is estimated by the least square method. Positive θ suggests that vegetation coverage increases with time, whereas negative θ indicates vegetation coverage decreases with time. t test can provide statistical confidence level for variations in NDVI.
Multiple Correlation Analysis
In multi-factor system, the multiple correlation coefficient R z·xy reflects the level of association among three or more random variables (Equation (2) takes three variables as example) [48] .
where r zx is the simple correlation coefficient between variable z and x, and r zy·x is the partial correlation coefficient between variable z and y while the effects of the variable x are controlled.
Mann-Kendall (M-K) Trend Detection
M-K method is a non-parametric test for assessing the significance of a trend [49, 50] . If {x t } is a time series with n samples, statistics S can be defined as follows:
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The standardized test statistic (Z) of the M-K test is given by Equation (5), which follows the standard normal distribution, and the corresponding significance level (α) of two-tailed test can be confirmed when |Z| ≥ Z 1-α/2 [49, 51] .
where β is the estimate of the trend and x j is the jth observation, which indicates the magnitude of a trend. Positive Z value indicates an increasing trend while negative Z value indicates a decreasing one [51] .
Panel Data Regression
Panel data analysis is an econometric model that is widely used in social and economic fields. It can make full use of the information contained in the samples and reflect the trends of research objects in three dimensions (cross-section, period and variables) [52] . In this article, we took the 23 phases in a year as a cross section of individuals, and revealed the characteristics of interaction between variables. To confirm the validity of parameter estimation, it is necessary to test stationarity of time series before establishment of the panel regression model [53] . Here, we employed five panel unit root tests (LLC, Breitung, IPS, Fisher, and HT) to confirm the stationarity of variables [53] . There are many types of models for the panel regression analysis, and the basic model is as follows:
where N and T is the number of phase and year, respectively. We assumed that the impact of climatic factors on NDVI is unrelated to phases, which means α 1 = α 2 = . . . = α N in Equation (7) . If coefficient β is also constant, Equation (7) is called the pooled regression model (H 1 ). If β is constant while α i changes over phase, Equation (7) is called the variable intercept model (H 2 ). The variable coefficient model accepts neither assumptions H 1 nor H 2 .
Results
Quantity Characteristic of Vegetation Coverage
The average value of MODIS NDVI from 2000 to 2015 over a 16-day interval in Shule River Basin is acquired using ArcGIS software (Environmental Systems Research Institute Incorporation, Redlands, CA, USA). The growing season of vegetation begins on 113th day of the year and ends on 320th day of the year, with a length of 208 days (Figure 2 ). The peak of NDVI appears in the end of July. Changing curve in downstream area shows a higher NDVI value than that in upstream area, and both curves have inverted-U shapes (Figure 2 ). The yearly average NDVI during growing season (NDVI gs ) shows a linear uptrend over the years, especially in the downstream area ( Figure 3 ). This result is consistent with some existing study [54] .
Redlands, CA, USA). The growing season of vegetation begins on 113th day of the year and ends on 320th day of the year, with a length of 208 days (Figure 2 ). The peak of NDVI appears in the end of July. Changing curve in downstream area shows a higher NDVI value than that in upstream area, and both curves have inverted-U shapes (Figure 2) . The yearly average NDVI during growing season (NDVIgs) shows a linear uptrend over the years, especially in the downstream area (Figure 3 ). This result is consistent with some existing study [54] . 
Spatial Characteristics of Vegetation Change
θ values in Equation (1) are calculated pixel by pixel and divided into six types, and analyzed with t test under three significance levels, as shown in Table 1 . There exists a specific θ value in each grid with vegetation, and all θ values marked in the raster map constitute the spatial pattern of vegetation cover (see Figure 4) . The color white means the parts without vegetation cover in Figure  4 . There are great variations in θ values under three test levels, which exhibit the spatial heterogeneity of NDVIgs.
The area with slightly improved NDVIgs accounts for the largest portion of total area (92.24%), which indicates the general trend of vegetation in Shule River Basin. The area with slightly degraded NDVIgs accounts for the second largest portion of total area (5.99%). Areas with other types of vegetation change account for only a small percentage. The t test results show that the proportions of area with different kinds of vegetation changes at high significance, significance and no significance levels are 32.21%, 33.26% and 34.53%, respectively. The area with slightly degraded NDVIgs under no significance level accounts for 91.74% under all levels. Generally, the vegetation coverage has increased during 2000-2015 in most areas of Shule River Basin, and areas with vegetation degradation only accounts for small proportion (less than 8%). 
θ values in Equation (1) are calculated pixel by pixel and divided into six types, and analyzed with t test under three significance levels, as shown in Table 1 . There exists a specific θ value in each grid with vegetation, and all θ values marked in the raster map constitute the spatial pattern of vegetation cover (see Figure 4) . The color white means the parts without vegetation cover in Figure 4 . There are great variations in θ values under three test levels, which exhibit the spatial heterogeneity of NDVI gs . Table 2 ). The main vegetation types include the steppe, the desert steppe and the alpine meadows. The remaining greening areas (23.25% of the total areas) are distributed over downstream region, especially newly developed agricultural areas, including Yumen City, Guazhou County, Dunhuang City and Subei Mongol Autonomous County (northern part), and their shares are 9.09%, 5.88%, 4.26%, and 4.03% of total vegetation area, respectively ( Table 2) .
The degradation areas only accounts for 7.27% of total vegetation areas ( Table 2 ). Tianjun County in upstream and Guazhou County in downstream share the largest proportion, accounts for 3.09% and 1.41% of total vegetation area, respectively. Subei Mongol Autonomous County (southern part) also shows considerable degradation, which accounts for 1.01% of total vegetation area, ( Table 2) .
It is worth noting that the degraded trend of vegetation on the old bed of Shule River has reversed in recent years, because the Shuangta reservoir releases water regularly. Mongol Autonomous County (northern part), and their shares are 9.09%, 5.88%, 4.26%, and 4.03% of total vegetation area, respectively ( Table 2 ). The degradation areas only accounts for 7.27% of total vegetation areas ( Table 2 ). Tianjun County in upstream and Guazhou County in downstream share the largest proportion, accounts for 3.09% and 1.41% of total vegetation area, respectively. Subei Mongol Autonomous County (southern part) also shows considerable degradation, which accounts for 1.01% of total vegetation area, ( Table  2) .
It is worth noting that the degraded trend of vegetation on the old bed of Shule River has reversed in recent years, because the Shuangta reservoir releases water regularly. We acquired land use/cover data from the interpretation of TM remote sensing images of Shule River Basin in 2007 ( Figure 5 ), and then conduct the LULC statistics data for the whole basin (Table  3 ). Figure 5 reflects spatial distribution of seven types of land use/cover. We acquired land use/cover data from the interpretation of TM remote sensing images of Shule River Basin in 2007 ( Figure 5 ), and then conduct the LULC statistics data for the whole basin (Table 3 ). Figure 5 reflects spatial distribution of seven types of land use/cover. Table 3 shows NDVI gs trends of different types of land use/cover. As can be seen in Table 3 , the place of vegetation improvement and degradation mainly occurs in types of grassland and bareland.
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trends of different types of land use/cover. As can be seen in Table 3 , the place of vegetation improvement and degradation mainly occurs in types of grassland and bareland. To reveal the spatial process of vegetation variation with time, we chose two typical regions with vegetation improvement (A) and degradation (B) (Figure 4 ) for further microscopic analysis ( Figure 6 ). Region A is an agricultural area under irrigation in Gobi desert, which is newly developed during the implementation of Shule River Basin Agricultural Irrigation and Immigration Development Projects. There is a rapid increase in vegetation coverage in this area from its center to its fringe during 2000-2015 ( Figure 6 ). Region B is a natural vegetation area named Gansu Anxi National Nature Reserve in Hyper-Arid Desert. In 2003, the Shule River was cut off for the construction of upstream Changma reservoir. Then, the water was transported through concrete-lined canals to irrigation areas. Thus, there is little surface water in Changma alluvial fan, which could not replenish groundwater, resulting in severe decrease in groundwater level in Region B. Therefore, the coverage of vegetation whose growth is highly dependent on groundwater is decreased gradually from fringe to center of this area during 2000-2015 ( Figure 6 ). To reveal the spatial process of vegetation variation with time, we chose two typical regions with vegetation improvement (A) and degradation (B) (Figure 4 ) for further microscopic analysis ( Figure 6 ). Region A is an agricultural area under irrigation in Gobi desert, which is newly developed during the implementation of Shule River Basin Agricultural Irrigation and Immigration Development Projects. There is a rapid increase in vegetation coverage in this area from its center to its fringe during 2000-2015 ( Figure 6 ). Region B is a natural vegetation area named Gansu Anxi National Nature Reserve in Hyper-Arid Desert. In 2003, the Shule River was cut off for the construction of upstream Changma reservoir. Then, the water was transported through concrete-lined canals to irrigation areas. Thus, there is little surface water in Changma alluvial fan, which could not replenish groundwater, resulting in severe decrease in groundwater level in Region B. Therefore, the coverage of vegetation whose growth is highly dependent on groundwater is decreased gradually from fringe to center of this area during 2000-2015 ( Figure 6 ). 
Correlation between Vegetation Variation and Climatic Factors
Shule River Basin consists of a part of cold region in Tibetan plateau and arid region in northwest China (Figure 1 ). The terrain and climate conditions are significantly different between mountains and plains. There are three national basic meteorological stations in Shule River Basin (Dunhuang, Yumen, and Guazhou), which are distributed in downstream area. To know the weather conditions in the whole basin, we chose six nearest meteorological stations outside it. Five of them are located in the mountains near the upstream area, including Lenghu, Dachaidan, Delingha, Tuole and Yeniugou stations. The average value of data from these five stations denotes weather conditions in upstream area. The other one is Mazongshan station in North Mountain. The average value of data from this station, and Dunhuang, Yumen, and Guazhou stations, denotes weather conditions in downstream area.
Multiple Correlation between Vegetation Variation and Climatic Factors
Annual MODIS NDVI data have time interval of 16-day. The 23rd phase in common year (or leap year) has only 13 days (or 14 days). The precipitation and accumulated temperature data were organized accordingly into 23 phases with a time interval of 16-day. Then, we analyzed the trend of daily precipitation and accumulated temperature (≥0 °C) during [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] [2015] . The multiple correlation analysis shows that the response of vegetation to climatic factors has an obvious time-lag effect. The highest and second highest R values appear in lag phases 1 and 2, which are 0.9680 and 0.9262 in upstream area, respectively, and 0.9252 and 0.9809 in downstream area, respectively (Table 4) . Their corresponding F values are also the highest, but P (Probability) values are the lowest (Table 4) . This implies that current vegetation growth depends largely on the climate conditions half to one month ago. That is, current NDVI is the result of precipitation and temperature in the previous phase. Our 
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Multiple Correlation between Vegetation Variation and Climatic Factors
Annual MODIS NDVI data have time interval of 16-day. The 23rd phase in common year (or leap year) has only 13 days (or 14 days). The precipitation and accumulated temperature data were organized accordingly into 23 phases with a time interval of 16-day. Then, we analyzed the trend of daily precipitation and accumulated temperature (≥0 • C) during [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] [2015] . The multiple correlation analysis shows that the response of vegetation to climatic factors has an obvious time-lag effect. The highest and second highest R values appear in lag phases 1 and 2, which are 0.9680 and 0.9262 in upstream area, respectively, and 0.9252 and 0.9809 in downstream area, respectively (Table 4) . Their corresponding F values are also the highest, but P (Probability) values are the lowest (Table 4) . This implies that current vegetation growth depends largely on the climate conditions half to one month ago. That is, current NDVI is the result of precipitation and temperature in the previous phase.
Our result is consistent with previous studies, which indicate that time lag in arid and semiarid areas is approximately one month [30, 55] . All β values calculated by Equation (6) (Figure 8) . Similarly, precipitation is significantly increased in phases 11 and 12 (10 June to 12 July), when vegetation is in vigorous growing period under good hydrothermal conditions. Thus, the increased precipitation is very favorable for plant growth (Figure 9 ). This is consistent with relevant research, which considered that vegetation growth is mainly controlled by temperature in spring and autumn, and precipitation in summer [30] . All β values calculated by Equation (6) (Figure 8) . Similarly, precipitation is significantly increased in phases 11 and 12 (10 June to 12 July), when vegetation is in vigorous growing period under good hydrothermal conditions. Thus, the increased precipitation is very favorable for plant growth ( Figure 9 ). This is consistent with relevant research, which considered that vegetation growth is mainly controlled by temperature in spring and autumn, and precipitation in summer [30] . 
Impact of Climatic Change on NDVI
Results of panel unit root tests show that the time series of four variables (NDVI, precipitation, accumulated temperature, and temperature) are stationary at level value, and all statistics are significant at the 1% level (Table 5) . Then, we set up panel data models to perform empirical analysis. 
The Overall Effect of the Panel Regression Models
Due to the variety of panel data models, we employed 10 different models to estimate explanatory variable parameters: (1) the pooled Ordinary Least Squares (OLS); (2) fixed effects (FE); (3) fixed effects between group (BE); (4) the corrected Least Square Dummy Variables (LSDV); (5) hetonly and two-way fixed effects (FE-TW); (6) Random effects (RE); (7) the feasible generalized least squares (FGLS); (8) Lagrange Multiplier (LM) test for individual-specific effects (MLE); (9) the linear regression with panel-corrected standard errors (PCSE); and (10) two step of Generalized 
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The Overall Effect of the Panel Regression Models
Due to the variety of panel data models, we employed 10 different models to estimate explanatory variable parameters: (1) the pooled Ordinary Least Squares (OLS); (2) Tables 6 and 7 . The values of same parameter in 10 models are very close to each other, and their constant term α changes from 0.0796 to 0.12 in upstream area and from 0.098 to 0.145 in downstream area. The variation in coefficients β among 10 models is also small. Precipitation β ranges from −0.12‰ to 0.4‰ in upstream area and from −1.82‰ to 1.76‰ in downstream area. Temperature β ranges from 0.03‰ to 0.53‰ in upstream area and from 0.03‰ to 0.37‰ in downstream area. The determination coefficients R 2 greater than 0.8 in upstream area and 0.7 in downstream area, χ 2 tests and most F tests reach the highly significant level (p ≤ 0.01, Tables 6 and 7) . These indicate that all panel regression models have good robustness. 
Individual-Specific Effect in Phase and Year
The pooled regression model (OLS) estimates the mixed influence of explanatory variables on dependent variable, but it could not provide information about individual effect and structure change. Individual-specific effect exists in the form of fixed or random effects. FE, BE, LSDV and FE-TW (No. 2-5) belong to the fixed effects model; RE FGLS, MLE and PCSE (No. 6-9) belong to the random effects model; and 2S-GMM is the dynamic panel model as a contrast. Two types of effects appear from intercept items α i by individual and time. Hausman test indicates that the fixed effect model should be selected in this empirical analysis (Table 8) . However, there are only little differences in parameters estimated by the two types of model, so we mainly focus on the variation of intercept items α i rather than the type of effect. The results estimated using the variable intercept model show that the individual effects α i changes with phase, that is, α 1 = α 2 , . . . , = α N , so we reject the null hypothesis H 1 . For instance, FE-TW regression model is expressed as follows: 16) α i begin to rise in about phase 7 (about early April), peak in phase 14 (28 July to 12 August), and then decline, and form an inverted U-shaped curve (Figures 10 and 11) . Most of the t tests in growing season are significant at p ≤ 0.05 level. Obviously, α i (individual effects) seasonally changes, which is consistent with the process of plant growth. In addition, α i rises over the years (time effects), but the variation is small and most t tests are non-significant (Figures 12 and 13) . Thus, the intercept item α i mainly changes with phase (individual effects are more significant than time effects). 
Coefficients Variation with Phase
In order to verify whether and how the coefficient β changes, we employed two variable coefficient models to estimate parameters, one is Dummy Variable-LSDV model (DV-LSDV, introducing dummy variables for phases in LSDV model), the other is the random coefficient model (RC). Interactive items (β) between the dummy variable and the explanatory variables are significant in DV-LSDV (Figures 14 and 15) , and most t tests reach very significant level, so the variable coefficient models should be adopted.
β consists of β 0 and β i in RC models, and β i is the variable coefficient with phase and year. The estimation results of α i and β 0 are shown in Table 9 . Although some t tests for β 0 are not statistically significant, χ 2 tests of parameter constancy reach significance level at p ≤ 0.01. Some t tests for β i are very significant (Figures 16 and 17) . Therefore, we reject the null hypothesis H 2 that coefficient is constant. Unlike variations in intercept term α i , β variations lack smoothness or regularity, and the process and extent of change are also different among phases and regions. 
β consists of β0 and βi in RC models, and βi is the variable coefficient with phase and year. The estimation results of αi and β0 are shown in Table 9 . Although some t tests for β0 are not statistically significant, χ 2 tests of parameter constancy reach significance level at p ≤ 0.01. Some t tests for βi are very significant (Figures 16 and 17) . Therefore, we reject the null hypothesis H2 that coefficient is constant. Unlike variations in intercept term αi, β variations lack smoothness or regularity, and the process and extent of change are also different among phases and regions.
Therefore, the panel model for vegetation change and climatic factors is both the variable intercept model and variable coefficient model. This is mainly because the individual is phase, which represents different times in a year rather than unit of cross section. 
Discussion and Conclusions
Discussion
The global vegetation activity has strengthened during the last 30 years, a trend that is supported by increasing evidence [7] [8] [9] . Particularly, the greening trend is more attractive in middle and high latitudes of the Northern Hemisphere [7, 8, 10, 11] . The vegetation dynamics in Shule River Basin from 2000 to 2015 precisely reflects the greening trend, which has a better representation in arid and semi-arid regions [4, 14] . However, the greening trend has spatial heterogeneity, whereby most of the vegetation improvement areas appear in upstream region adjoining northern Tibetan plateau, because both temperature and precipitation change more significantly in higher altitude area (see Figures 18-21) . The more evident greening trend shows around newly developed fields in downstream area, which is the result influenced by agriculture irrigation.
It is known that global warming has accelerated [8] . This situation has a typical performance in Shule River Basin, i.e. the accumulated temperature remains at a higher level during growing season since 2000, as shown in Figures 18 and 19 . Especially, the linear growth rate of the accumulated temperature in upstream reached 2.29 °C/year (see Figure 18 ). The total precipitation during growing season also shows an increasing tendency in Shule River Basin (Figures 20 and 21 ), especially the upstream has a strong performance with a linear growth rate of 2.36 mm/year (see Figure 20) . Recent research by Wang et al. indicated that the runoff from mountainous areas in Shule River Basin increased significantly during the past 50 years [56] , which reflects the climatic change trend. Therefore, we attribute the vegetation variation to precipitation and temperature increasing in Shule River Basin, which is consistent with other results [57] .
The most important finding of this paper is that responses of vegetation variation to the climatic factors that are more scarce more sensitive in Shule River Basin, and marginal contributions of climatic factors change are calculated, which benefits by applying panel data models. Though 
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Discussion
The most important finding of this paper is that responses of vegetation variation to the climatic factors that are more scarce more sensitive in Shule River Basin, and marginal contributions of climatic factors change are calculated, which benefits by applying panel data models. Though Therefore, the panel model for vegetation change and climatic factors is both the variable intercept model and variable coefficient model. This is mainly because the individual is phase, which represents different times in a year rather than unit of cross section.
Discussion and Conclusions
Discussion
It is known that global warming has accelerated [8] . This situation has a typical performance in Shule River Basin, i.e., the accumulated temperature remains at a higher level during growing season since 2000, as shown in Figures 18 and 19 . Especially, the linear growth rate of the accumulated temperature in upstream reached 2.29 • C/year (see Figure 18 ). The total precipitation during growing season also shows an increasing tendency in Shule River Basin (Figures 20 and 21 ), especially the upstream has a strong performance with a linear growth rate of 2.36 mm/year (see Figure 20) . Recent research by Wang et al. indicated that the runoff from mountainous areas in Shule River Basin increased significantly during the past 50 years [56] , which reflects the climatic change trend. Therefore, we attribute the vegetation variation to precipitation and temperature increasing in Shule River Basin, which is consistent with other results [57] .
The most important finding of this paper is that responses of vegetation variation to the climatic factors that are more scarce more sensitive in Shule River Basin, and marginal contributions of climatic factors change are calculated, which benefits by applying panel data models. Though precipitation and accumulated temperature have positive contributions to NDVI, their impacts are different in upstream and downstream areas. The impact of precipitation on NDVI is larger in the more arid downstream area than in upstream area, whereas the effect of temperature is larger in the cooler upstream area than in downstream area. In addition to precipitation and temperature, some other factors also influence plant growth, such as wind speed, humidity, human activities, and so on. Unfortunately, there is a lack of time series data for these indexes. Moreover, it is difficult to confirm the impacts of social and economic activities on vegetation growth in different phases. In our study, the impact of human activities on plant growth in upstream mountain is insignificant compared to that in downstream plain. The differences in vegetation variation during 2000-2015 between upstream and downstream areas are caused by both natural geographical conditions and human activities, and the vegetation improvement around resettlement places are more likely the result of irrigation expansion. Even so, precipitation and temperature are still the two basic factors influencing vegetation growth, and our results are meaningful for grassland ecological protection in Shule River Basin.
The panel data model is a very powerful tool to process massive data in three dimensions from variable, time series and cross section. We employed this model to analyze the impact of climatic factors on NDVI in Shule River Basin. It should be emphasized that we replace cross section of individuals with phases and investigated the trend and characteristics of vegetation variation over phases and years. The results estimated by panel data models provide some useful information that other methods cannot provide. For instance, the contribution of unit precipitation and temperature to NDVI in different phases is obtained, intercept α changes with phases and the curve of it has inverted U-shape, responses of vegetation growth to climatic factors are more sensitive when these factors are limiting than when they are not. Since there is only 16-year NDVI data, it is difficult to fully display the influence of climate change on NDVI. If longer time series are available, the panel data model will give better results.
Vegetation coverage has been in a continuously greening trend in Shule River Basin, but it does not fundamentally alter the situation of ecological fragility in this region. The vegetation degradation appears mostly in downstream area where there are more human activities. For local region, it is difficult to control climate change to protect the environment. Thus, limiting large-scale use of water and land resources and mitigating human impacts on environment might be the best way to protect environment.
Conclusions
During 2000-2015, the vegetation has been in an obvious greening trend in Shule River Basin in northwest China, which is in response to climate change. The greening areas, i.e. areas with vegetation improvement, account for 92.70% of the whole basin. Moreover, upstream mountain has larger greening areas than downstream plain. Vegetation degradation appears in downstream region, and the vegetation type mainly includes meadow halophytes.
The multiple correlations between NDVI and climatic factors show that the response of vegetation to climate change significantly lags. Current vegetation growth depends largely on the climate condition half to one month ago. The M-K trend detection shows that vegetation growth is mainly influenced by temperature in spring and autumn and precipitation in summer. In addition to precipitation and temperature, some other factors also influence plant growth, such as wind speed, humidity, human activities, and so on. Unfortunately, there is a lack of time series data for these indexes. Moreover, it is difficult to confirm the impacts of social and economic activities on vegetation growth in different phases. In our study, the impact of human activities on plant growth in upstream mountain is insignificant compared to that in downstream plain. The differences in vegetation variation during 2000-2015 between upstream and downstream areas are caused by both natural geographical conditions and human activities, and the vegetation improvement around resettlement places are more likely the result of irrigation expansion. Even so, precipitation and temperature are still the two basic factors influencing vegetation growth, and our results are meaningful for grassland ecological protection in Shule River Basin.
During 2000-2015, the vegetation has been in an obvious greening trend in Shule River Basin in northwest China, which is in response to climate change. The greening areas, i.e., areas with vegetation improvement, account for 92.70% of the whole basin. Moreover, upstream mountain has larger greening areas than downstream plain. Vegetation degradation appears in downstream region, and the vegetation type mainly includes meadow halophytes.
The multiple correlations between NDVI and climatic factors show that the response of vegetation to climate change significantly lags. Current vegetation growth depends largely on the climate condition half to one month ago. The M-K trend detection shows that vegetation growth is mainly influenced by temperature in spring and autumn and precipitation in summer.
Then, we employed a set of panel data models to estimate the impacts of climatic factors on NDVI in Shule river basin. The results provide some useful information on change in vegetation coverage: (1) All panel regression models have good robustness, the constant term α and coefficients β have only little variation between different models, and most parameters estimated are statistically significant. (2) NDVI increases with increase in precipitation and temperature in Shule River Basin. With every 1-mm increase in precipitation, NDVI increases by 0.223‰ in upstream area and 0.6‰ in downstream area. With every 1-• C increase in accumulated temperature, NDVI increases by around 0.241‰ in upstream area and 0.174‰ in downstream area. The effect of precipitation is larger in the more arid downstream area than in upstream area, whereas the effect of temperature is larger in the cooler upstream area than in downstream area. This illustrates that responses of NDVI to climatic factors are more sensitive when these factors are limiting than when these factors are not limiting. (3) The variable intercept model shows that the intercept α i first increases and then decreases over the phases, and forms an inverted U-shaped curve. This reflects the seasonal characteristics of vegetation growth. In addition, intercept α i increases over the years (time effect), indicating a vegetation greening trend, though this effect is much weaker than the individual effect. Thus, we reject the null hypothesis H 1 that assumes α 1 = α 2 = . . . = α N . (4) The variable coefficient models show that β i changes over phases, so we reject the null hypothesis H 2 that assumes β 1 = β 2 , . . . = β N . The variations in coefficients lack smoothness or regularity, which is different from variations in intercept α i . In summary, the panel data models for NDVI and two climatic factors are both the variable intercept models and the variable coefficient models, representing features of vegetation variations in Shule River Basin.
